A selfconsistent steric conformation analysis is applied to the ground state, first excited state and the ionic state of biphenyl in terms of the internal rotation angle. The calculated barrier of rotation through 0 = 0° is equal to 3.1 kcal/mole. In the case of the isolated anion the twisting angle equal to 26° was obtained. In the case of solutions the angle is 15 -19°, the value following from an analysis of the EPR data published by Möbius. The electronic absorption spectrum is discussed in terms of the SCF CI method. The results are compared with other recent calculations.
Introduction
Biphenyl was a subject of many experimental and theoretical articles. X-ray results were obtained by HARGREAVES and RIZVI 1 , ROBERTSON 2 , and TROTTER 3 , electron diffraction data by ALMENNIN- GEN They are concerned with the dependence of the total energy on ©. The PARISER, PARR and POPLE method was used with this purpose. The o-bond energy was kept constant. Van der Waals interaction was included for the H ... H pairs only.
The © angle was also estimated from an analysis of the spectral data. SUZUKI 27 applied the Hiickel method with this purpose and TINLAND 28 (giving reference to oldest papers only) the variable ^-approximation of the PPP method.
Older 7r-electronic calculations of the UV electronic spectrum were mainly based on a perturbation treatment of two phenyl rings 29_34 . SCF CI calculations, for one or more values of the © angle, were carried out by GONDO 35 , GRINTER 36 19 were in a best agreement with experiment. Tinland's result are rather close to ours. The results obtained by Imamura and Hoffmann, however, are quite different. They will be analyzed in the last section.
In spite of the many contributions some of the problems related to biphenyl are still open to questions. The potential curves, barriers for internal rotation, etc., have been often estimated with many oversimplifications. Mostly vdW interactions of the H ... H type have been considered only, although interactions of H ... C and C ... C pairs might be significant also. The variation of valence angles and bond lengths, as well as out-of-plane shifts of hydrogen atoms, have been disregarded. More complete calculations dealt with the planar system only. For this reason we thought it worthwhile to make a more complete steric analysis, basing on a selfconsistent steric conformation method 22 . We also report our new SCF CI results which have been obtained by mixing all the singly excited states for the optimal ground state conformation. The purpose was to test our previous calculations for these additional assumptions.
Brief Outline of the Selfconsistent Steric Method
The selfconsistent steric method has been already described elsewhere 22 . We summarize, therefore, only the main assumptions.
The sum of the a-and ^-electronic energies was calculated in accordance with the LONGUET-HIGGINS and SALEM method 21 , requiring, however, different conditions of selfconsistency:
and
where ßi(fi,©i) is the resonance integral for the bond length equal to rj and the angle of twist equal to ©I, W is the sum of all vdW interactions significant in the problem (Fig. 1) , and a, b, ß0 and x .. H type were calculated with the BARTELL formula 37 and those of the C ... C type after DASHEVSKY and KITAJGORODSKY 17 . As the above theory does not consider the variation of energy due to the variation of independent valence angles aA, a4 and the out-ofplane distortion z ( Fig. 1 additionally with a modified COULSON and HAIGH method 38 . The optimal structure was then obtained iteratively, by minimization of the total energy. Eventually, the angle 017 = 0 was kept fixed in these calculations.
Dependence of /?17 on ©
Two attempts are known to determine the dependence R17 = R(©) 16 ' 27 . However, none of them seems to behave properly in the whole region of 0's. According to experiment, R17 = 1.497 -1.507 Ä in a planar molecule 1_3 , 1.48 -1.49 Ä for 0 = 42° (I.e. 4 ' 5 ), 1.52 A for 6» = 90°, as found approximately for the hexaphenylbenzene molecule 39 . There is thus a minimum between 0° and 90°. Neither of the two atempts succeeded in obtaining such a minimum.
The dependence on 017 = © of the various bond lengths in biphenyl, which follows from the present calculations, is given in Figs. 2 and 3. We see from at about 30" in the case of the ground state and 1.420 A at about 5 in the case of the center of gravity of the first excited state. It is interesting that also the R12 value depends strongly on the twisting angle. For 0-^9O c we find that R**-*-Ru and Let us recall that also the remaining bond lengths, the bond angles , a4 , ßx ( Fig. 1) are reproduced rather well with this theory 22 .
Potential Energy of Internal Rotation. Structure of the Ion
There are two barriers for internal rotation in biphenyl, corresponding to 0 = 0° and to 0 = 90°. According to the PMR method 9 ' 10 the largest of them is expected to be small, equal to 0.2 -1.0 kcal per mole. However, the analysis of the phosphorescence spectrum and the quenching experiments leads nal rotation through (9 = 0° exhibits a barrier of 3.1 kcal/mole what compares rather well with the spectroscopic value. Let us also note that the barriers found for the ground state are in a semiquantitative agreement with those which follow from the extended Hiickel method 26 : 5.5 kcal/mole and 0.9 kcal/mole accordingly. The first excited state is predicted to be nearly planar, with 0 = 16° 37'. The dependence of E on 0 is stronger in the case of the excited state than in the case of the ground state. Let us recall, however, that the method does not make any difference between the singlet and triplet states, corresponding thus to a center of gravity of the two excited states.
It might be also interesting to consider the contributions of the various types of energy to the total energy of the system. They follow from Table 1 and Fig. 5 . Let us note that in the case of the ground state £t((9) shows two minima, the first one being very flat (0.1 kcal/mole). It is also very gratifying, although somewhat surprising that the relation W = W(0) depicted in Fig. 5 is in an almost quantitative agreement with that which was found by GOODWIN and MORTON-BLAKE 15 with a much more simplified model. Biphenyl anion and cation is predicted to have a twisted structure, with 0 = 26° 13', at least in the isolated state. This angle is in a large disproportion to the value found by Möbius for the stably solvated biphenyl radical ion: 38+2°. However, the analysis of the EPR data which was carried out by Mö-bius requires a revision: i) Interaction of the biphenyl molecule with the solvent is expected to cause a flattening of the molecule; in the case of the neutral molecule 0 is equal to 42° in the gaseous phase, 20 -30° in solutions and 0 in the solid state.
ii) The mobile bond order p17 is larger in the ionic state than in the case of the neutral molecule; Table 1 . Contributions to the barriers of internal rotation in biphenyl and its ion.
AE(I) =E(0°)
thus there is no reason to believe that the value of 0 is now larger than 20 -30°. iii) Let us draw the dependence of the ratio of spindensities £>4 and g2 (Fig. 6) . Experimentally, according to Möbius, QJQ2 = 5.247/2.666 = 2.00 ± 1%. As can be seen from the Figure, the spindensities which have been obtained with the selfconsistent steric conformation method lead to the range: 15° ^ 0 ^ 19°. The values suggested by Möbius were based on Hiickel-type calculations (Fig. 6) , neglecting the role of the steric hindrance and of the detailed structure of the ion. 
Correlation Diagrams of jr-electronic Orbital Energies and Densities
The dependence of the ^-electronic orbital energies on 0 is reproduced in Figs. 7 and 8. Fig. 7 corresponds to the ground state conformation of the neutral molecule and Fig. 8 corresponds to the ion. Let us note that for 0 = 90° and for the case of the ionic state the orbital energies , E4 and E2, Es are different. It is the result of the Jahn-Teller effect which is included in our method automatically. The dependence of the sr-electron density qs (s=~-1, 2, 3, 4) on 0 is shown in Fig. 9 , the Figure  referring to the biphenyl anion. There is an accumulation of charge in positions 2, 6, 8 and 12 causing an additional repulsion which has not been analyzed in this work. The repulsion energy is of the order of 1 kcal/mole and is not much sensitive to the variation of 0. 
The Electronic Spectrum of a Neutral Biphenyl Molecule
As already noticed the limited CI calculation of the UV absorption spectrum 19 allowed us to interpret the experimental spectrum quite successfully. Since then, however, Imamura and Hoffmann published their results which had been obtained by mix- The results of these SCF CI calculations are listed in Table 2 . In column 1 we give the symmetry species of the excited state for & = 40° 21', in column 2 the principle two contributions, in column 3 the excitation energies and in column 4 the calculated oscillator strengths and polarization. In the last two columns the calculated spectroscopic data of the planar molecule are given. Occupied molecular orbitals are numbered downwards (1, 2, ...) and excited orbitals upwards (l', 2', ...).
The present calculations lead to results which are rather close to the previous ones 19 . For this reason we do not repeat the detailed discussion of the spectrum. There seems to be also no need to compare our results with those obtained by TINLAND 28 with the /5-variable approximation for (9 = 0°, 10°, 20° and 30°. However, we would like to compare our results with the results obtained by IMAMURA and HOFFMANN 26 . Looking at Fig. 10 one notes that our results are still better than theirs, particularly considering the oscillator strengths. In addition we note that the other authors seem not to have obtained several allowed transitions. It is somewhat surprising as they have also included all singly excited states. Besides, we do not understand the origin of the different from zero value of / for the lowest two states, which correspond apparently to transitions to minus states.
Thus we would like to confirm the assignments made four years ago.
Final Comments
The selfconsistent steric analysis in its present form suffers some limitations. It includes all significant deformations of the molecular skeleton, even
